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The sacU locus has been cloned by using two independent strategies, and the presence of two open reading
frames was deduced from the nucleotide sequence. Open reading frame 1 encodes a 45,000-dalton polypeptide
that is similar to the products of the Salmonella typhimurium cheA and Escherichia coli cpxA genes, which act
as sensory transducers. Open reading frame 2 encodes a 26,000-dalton polypeptide that is similar to a family
of transcriptional activators, including the products of the Bacillus subtilis spoOA and spoOF and the E. coli
ompR and dye genes. These similarities suggest that the products of the B. subtilis sacU locus form a
sensor-transducer couple, which functions to relay information about specific environmental changes to the
transcription apparatus.

The expression of a class of structural genes encoding
degradative enzymes in Bacillus subtilis is controlled by
regulatory genes unlinked to the target genes. The produc-
tion of several secreted enzymes, i.e., levansucrase, serine
and neutral proteases, a-amylase, ,B-glucanase(s), xylanase
(2, 4, 5, 24, 26), and one intracellular enzyme, serine
protease (40), is affected by the sacU and sacQ regulatory
genes. These genes have been identified as the sites of
chromosomal mutations leading to levels of production of
degradative enzymes that are either increased [referred to as
sacU(Hy) sacQ(Hy)] or decreased (sacU) compared with
that of the reference strain B. subtilis 168 (sacU+ sacQ+).
The pleiotropic phenotype of sacU(Hy) mutants also in-
cludes the absence of flagella, low transformation efficiency,
and altered control of sporulation (24). A similar phenotype
was observed for a sacQ(Hy) mutant (24).

Little is known about sacU- and sacQ-mediated control at
the molecular level, except that it apparently involves acti-
vation of transcription (44). An analysis was made of the
upstream regions of two target genes, encoding levansucrase
(sacB) and serine protease (aprE). Regions essential for
transcriptional activation by sacU or sacQ were located
between positions -117 and -96 and positions -164 and
-141 with respect to the transcriptional start sites of sacB
and aprE, respectively (4, 16, 17, 23), but precise target
sequences have not yet been identified. The sacQ gene has
been cloned and shown to encode a 46-amino-acid polypep-
tide (2, 51). Another gene, prtR, encoding a small polypep-
tide which affects degradative enzyme production has also
been identified (31, 47, 52).

In this paper the cloning of the sacU locus is reported
together with an analysis of its nucleotide sequence.

MATERIALS AND METHODS
Strains, phages, and plasmids. The strains of B. subtilis are

listed in Table 1. E. coli TG1 [K-12 (Alac-proAB) supE thi
hsdD5 F' traD36 proA+ proB+ lacIq lacZ AM15] (T. J.
Gibson, Ph.D thesis, University of Cambridge, 1984) was
used as the host for M13mpl8 or M13mpl9. Escherichia coli
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P2392, which is lysogenic for P2 (F- hsdR514 supE44
supF58 lacYJ galK2 galT22 metBi trpR55), was used as
indicator organism for propagating recombinant EMBL3
phages. Packaging mixtures were obtained from strains
BHB2688 and BHB2690 (20).
The plasmids pHV1431, pHV1432, and pHV1436 were

obtained from L. Janniere and S. D. Ehrlich (submitted for
publication). Plasmid pHV1431 (10.8 kilobases [kb]; Cmr)
contains a replication origin from plasmid pAMP1 (25) and is
maintained at high copy number in B. subtilis. Plasmid
pHV1432 is a deleted derivative of pHV1431 in which one of
the two EcoRI sites was eliminated. Plasmid pHV1431d is an
8.3-kb derivative of pHV1431 which arose by spontaneous
deletion in E. coli, eliminating a DNA fragment containing
the two EcoRI sites of pHV1431. Plasmid pHV1436 (8.7 kb;
Cmr) contains a replication origin from plasmid pTB19 (21)
and is maintained at low copy number in B. subtilis. Plas-
mids pBU2, pBU3, pBU14, pBU16, pBU100, pBU101,
pBU102, and pBU103 are described below. They were
introduced into the recE4 strain 1A510, for maintenance and
preparative plasmid extraction, and into the sacU mutant
QB254, to test their capacity to restore levansucrase synthe-
sis. Plasmid pAH101 (21 kb: Apr Cmr) was a generous gift
from G. R. Stewart, University of Kansas. It contains about
11 kb of B. subtilis DNA flanking a Tn917 insertion in the
vicinity of the tag-3 (rodCl) marker (38). This segment was
cloned in E. coli by A. L. Honeyman and G. C. Stewart
(Abstr. Annu. Meet. Am. Soc. Microbiol. 1985, H 91, p. 123)
after plasmid pTV21A2 (53) was integrated into the transpo-
son.
The phage lambda replacement vector EMBL3 (13) was

used for construction of a gene bank of B. subtilis DNA.
Phages X54 and X63, isolated from this bank, are described
below.
Media and qualitative tests. E. coli was grown in L broth

(10 g of tryptone, 5 g of yeast extract, and 5 g of NaCl per
liter) and B. subtilis in Penassay antibiotic medium 3 (Difco
Laboratories, Detroit, Mich.) or MMCH medium, which
consists of 60 mM K2HPO4, 44 mM KH2PO4, 15 mM
(NH4)2SO4, 3 mM trisodium citrate, 2 mM MgSO4, 0.01 mM
MnCl2, 22 mg of ferric ammonium citrate per liter, 0.05%
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TABLE 1. Strains of B. subtilis

Strain Genotype Relevant Orgin or reference

168 trpC2 Lvs+ Prt+ Laboratory stock
L5047 trpC2 pheAl his-35 purA16 metBS Lvs+ Prt+ Laboratory stock
QB254 trpC2 hisAl sacA321 sacU42 Lvs- Prt- Laboratory stock
QB136 trpC2 leuA8 sacU32 Lvs(Hy) Prt(Hy) 24
L5065 trpC2 pheAl his-35 purA16 sacU32 Lvs(Hy) Prt(Hy) QB136 tfma L5047
lA510 leuA8 arg-15 thrA5 recE4 stp Lvs+ Prt+ 36
BD1238 hisAl leu metBS com-524::Tn917lacZ Lvs+ Prt+ 1, 15
QB4210 trpC2 sacU3SO::erm-1acZ Lvs Prt This study
QB4222 trpC2 sacU351::aphA3 Lvs- Prt- This study

a tfm, Constructed by transformation.

casein hydrolysate, and 100 mg of auxotrophic requirements
per liter. L plates or SP plates were prepared by the addition
of 17 g of Bacto-Agar (Difco) per liter to L broth or SP
medium (2, 26).

Colonies containing the sacU+ (Prt+) and sacU32 [Prt
(Hy)] marker were distinguished by plating on TS medium
(22) overlayered with 2.5% (wt/vol) casein, on which they
formed small and large halos, respectively. Colonies produc-
ing levans (Lvs+ phenotype) were identified on ST plates
containing 20 g of filter-sterilized sucrose (BDH, Poole,
United Kingdom), 1 g of tryptone (Difco), and 17 g of
purified agar (Difco) per liter, 13 mM KCI, 1 mM MgSO4,
and auxotrophic requirements (100 mg/liter). The mucoid
aspect of levans surrounding Lvs+ colonies on ST plates
distinguished them from Lvs- colonies. SP or ST plates
containing 5 jig of chloramphenicol per ml, 5 jig of kanamy-
cin per ml, or 1 ,ug of erythromycin plus 25 ,ug of lincomycin
per ml were used for selecting recombinants resistant to
chloramphenicol (Cm), kanamycin (Km), or erythromycin
(Em9).
DNA manipulations and cloning procedures. Standard pro-

cedures were employed for extracting plasmids from E. coli
(28) and B. subtilis (2) and for extracting DNA from lambda
phages (14, 28). Restriction enzymes, T4 DNA polymerase,
Klenow polymerase, and T4 DNA ligase were used accord-
ing to the manufacturers' recommendations. DNA fragments
were recovered from agarose gels by using either electroe-
lution or Gene Clean (Bio 101, La Jolla, Calif.).

Ligations were performed at high DNA concentrations (50
to 100 ,ug/ml) when mixtures were used for direct transfor-
mation ofB. subtilis competent cells. For the construction of
plasmid pBU102 (see Results), two DNA fragments were
ligated: EcoRI-linearized pBU16, made blunt by Klenow
polymerase, and a 4.5-kb SmaI-KpnI fragment containing
the lacZ and erm genes from pTV32 (37), made blunt by T4
DNA polymerase. Equimolar amounts of the two fragments
were ligated and used for transformation of B. subtilis 168.
For construction of the gene bank of B. subtilis DNA in

EMBL3, phage DNA was digested successively with BamHI
and EcoRI to prevent religation of the middle fragment to the
arms. B. subtilis 168 chromosomal DNA was partially di-
gested with Sau3A, and fragments in the size range of 12 to
24 kb were purified from agarose and ligated to the phage
arms. Packaged recombinant phage were plated on lawns of
the indicator strain P2392, and plaques were screened by
hybridization on nitrocellulose filters (28).

Transformation of competent cells. Previously described
methods for transformation of B. subtilis were followed (3,
32). Competent cells were incubated with plasmid DNA for
20 min at 37°C. Yeast extract (5 mg/ml), casein hydrolyzate
(5 mg/ml), and auxotrophic requirements (50 ,ug/ml) were

added at the indicated final concentrations, and incubation
with shaking at 37°C was continued with sublethal antibiotic
concentrations (0.5 ,ug of chloramphenicol per ml for 45 min,
0.2 ,ug of kanamycin per ml for 45 min, 0.15 ,g of erythro-
mycin per ml for 90 min) before plating on selective SP
medium containing chloramphenicol, kanamycin, or eryth-
romycin-lincomycin.
For recipient strains containing the sacU32 marker, the

transformation procedure described by Karamata and Gross
(22) was used with the following modifications. Growth in
SPIZ I medium was at 37°C, and cultures were incubated for
70 min after the end of the exponential growth phase before
10-fold dilution in SPIZ II medium.
Assay of levansucrase activity. Appropriate dilutions of

MMCH culture supematants were incubated at 37°C with
10% sucrose-50 mM potassium phosphate buffer (pH 6.0) in
a final volume of 1 ml. Reactions were stopped by boiling,
and glucose was measured with the GOD-Perid reagent
(Boehringer Mannheim Biochemicals, Indianapolis, Ind.).
One unit corresponds to 1 ,umol of glucose produced per
min. The total amount of protein was estimated from the
optical density of the culture.
DNA sequencing. Nucleotide sequencing was carried out

by using the dideoxy-chain termination method (41) and
modified T7 polymerase (sequenase) (U.S.B., Cleveland,
Ohio). Overlapping deletions were obtained by the method
of Dale et al. (7) with a cyclone kit purchased from IBI (New
Haven, Conn.).

In vitro transcription and translation. Covalently closed
circular plasmids were used as templates for a prokaryotic
coupled transcription-translation system as recommended
by the manufacturer (Amersham Corp., Arlington Heights,
Ill.). Proteins were labeled with [35S]methionine (specific
activity, >39 TBq/mmol), separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (exponential gra-
dient of 7.5 to 15% acrylamide and 0.2 to 0.4% bisacryla-
mide), and visualized by autoradiography.

RESULTS

Cloning of the sacU locus of B. subtilis. Two independent
strategies proved successful for isolating the sacU locus of
B. subtilis. For the first, a Tn917 insertion, located near tag-3
(rodCl), was used to clone the sacU locus by chromosome
walking. From a sample of about 1,600 plaques of recombi-
nant EMBL3 phages, 14 hybridized with the B. subtilis
sequences in plasmid pAH101. The phage extending furthest
in the direction of sacU (X63) was identified by physical
analysis of its DNA. A 3.5-kb EcoRI-SaIl fragment, forming
the sacU-proximal extremity of the insert in X63 (Fig. 1), was
used to rescreen the original sample of plaques. This second
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DNA SEQUENCE OF B. SUBTILIS sacU LOCUS 5095
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FIG. 1. Restriction map of the DNA segments cloned in phages X54 and X63. The bacterial chromosome is represented as a bold line. The
positions of EcoRI, BamHI, and Sall sites were determined by physical analysis of phage DNA. The positions of HindIII, PstI and EcoRV
sites in the vicinity of sacU were determined by Southern hybridization. The site of the Tn9171acZ insertion corresponding to the com-524
mutation is indicated; the Tn917 insertion close to tag-3 (rodCl) is about 12 kb to the right of the rightmost BamHI site. The segments of the
X phages that were used as hybridization probes are indicated ( ).

step revealed four additional hybridizing plaques, from one
of which phage X54 was isolated (Figure 1).

Since extensive screening of the SacU+ phenotype is not
easy and since competent cells are rare, we devised a
procedure to select these cells by using the selective marker
pheAL. DNA extracted from phage X54 was mixed in a 1:10
ratio with that from a phage with transforming activity
against pheAl strains of B. subtilis. This phage had previ-
ously been isolated from the X Charon 4A bank of Ferrari et
al. (11) and was provided by M. Sargent. The above mixture
was employed to transform the B. subtilis sacU(Hy) mutant
L5065. About 12% (13 of 113) of the Phe+ transformants
simultaneously acquired the donor sacU+ (Prt+) allele,
indicating that phage X54 contains at least part of the sacU
locus. The absence of sacU+ transformants in similar
crosses with X63 donor DNA suggested that the sacU locus
lies within the DNA segment that is unique to X54.
A more detailed restriction map of the X63-distal end of the

insert in X54 (Fig. 1), constructed by hybridization to appro-
priately digested samples of strain 168 chromosomal DNA,
revealed that this region corresponded to that independently
isolated in recombinant plasmids (see below).

plasmid

For the second approach, a Tn9171acZ insertion (37, 43)
that created the com-524 mutation (1, 15) was used to clone
the sacU locus directly in plasmids. This marker was shown
by Dubnau and co-workers (1, 15) to be linked to hisAl by
PBS1 transduction as was shown before by us in the case of
sacU (45). Therefore, we thought that com-524 may be
closely linked to sacU. We measured the linkage between
com-524 and sacU by transformation of the sacU mutant
QB254 with a nonsaturating concentration of BD1238 DNA.
Fifty percent of the selected Emr transformants became
sacU+ (Lvs+). This close linkage was very useful for cloning
the sacU locus. A unique BamHI site located near one
extremity of Tn917lacZ allowed us to clone DNA sequences
adjacent to the com-524 mutation by inserting BamHI frag-
ments of BD1238 chromosomal DNA into plasmid pHV1436
and selecting for Emr by using B. subtilis 168 or 1A510 as the
recipient. Plasmid pBU2 (Cmr Em') was obtained in this
way. It contains a 13.5-kb BamHI fragment of BD1238
DNA. Plasmid pBU2 contained at least part of the sacU
locus, since it conferred a Lvs+ phenotype on strain QB254.
The BamHI fragment from pBU2, containing Tn9171acZ

and sacU DNA sequences, was transferred to a vector

Inserted DNA Com plementat ion
of sac U42

ORF 1

pBU 14 SphI BamHI EcoRI SphI

pBU 16

pBU 100

Sph I

Eco RI

ORF 2
Bst BI Eco RI

Bst BI Eco RI

Bst BI Eco RI

pBU 101 Barn HI EcoRI

pBU 102

pBU 103

SphI

Sph I

Eco RI Sal I

lac Z erm
Sal I

aph A3 EcoRI

-J,I Sal I

Bst BI Eco RI

1kb

FIG. 2. Simplified restriction map of the DNA inserts in plasmids. The capacity of plasmids containing these inserts to restore
levansucrase synthesis to a sacU mutant QB254 is indicated. The positions of ORF1 and ORF2 (see Results) are shown (C). This

restriction map and that in Fig. 1 are in opposite orientations. The direction of transcription is from left to right. ORF2 is interrupted in plasmid
pBU102 by a lacZ erm cassette (not to scale), and ORF1 is interrupted in plasmid pUB103 by an aphA3 cassette (not to scale) (see Materials
and Methods).
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NO
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CATGCTAGCTGACCCTCCTGCTAAGCATAAAAGACTGCCTATACAAATTCGTACAGTCTTTAGAATTTTTGTGCGTAT

TTTGGTATCATAAAGAGTAGATAGTATATAAAAATGTTTTTTTCTAGAATATACGCATTCTTTCATTATAATTCGACA
100

MetAsnLysThrLys
TAATTTGCAGATCAATTACATTTATAATAAAAATATATGACAACGCCGTGACcGGAGGAAATTATGAATAAAACAAAG

200 .

MetAspSerLysValLeuAspSerIleLeuMet LysMet LeuLysThrValAspGlySerLysAspGluValPheGln
ATGGATTCCAAAGTGCTGGATTCTATTTTGATGAAGATGCTGAAAACCGTTGACGGGAGCAAGGACGAGGTTTTTCAA

300
IleGlyGluGlnSerArgGlnGlnTyrGluGlnLeuValGluGluLeuLysGln IleLysGlnGlnValTyrGluVal
ATCGGGGAGCAGTCACGCCAGCAGTATGAACAGCTGGTCGAAGAACTGAAACAAATTAAACAGCAGGTGTATGAAGTG

I leGluLeuGlyAspLysLeuGluValGlnThrArgHisAlaArgAsnArgLeuSerGluValSerArgAsnPheHia
ATTGAGCTTGGCGATAAACTTGAAGTGCAAACTCGCCATGCGAGAAACCGTTTATCCGAGGTCAGCCGTAATTTTCAT

400 . . .

ArgPheSerGluGluGlu IleArgAsnAlaTyrGluLysAlaHisLysLeuGlnValGluLeuThrMet IleGlnGln
AGATTCAGTGAAGAGGAAATCCGCAATGCTTATGAAAAAGCCCATAAGCTGCAGGTAGAATTGACGATGATCCAGCAG

500 .

ArgGluLysGlnLeuArgGluArgArgAspAspLeuGluArgArgLeuLeuGlyLeuGlnGluI leIleGluArgSer
CGTGAGAAGCAATTGCGCGAACGGCGGGACGATTTGGAGCGCAGATTGCTAGGGCTTCAGGAAATCATTGAGCGGTCA

600

GluSerLeuValSerGlnIleThrValValLeuAsnTyrLeuAsnGlnAspLeuArgGluValGlyLeuLeuLeuAla
GAATCATTAGTAAGCCAAATTACAGTTGTGCTCAACTACTTGAATCAGGATTTGCGCGAAGTTGGACTGCTTCTTGCT

700

AspAlaGlnAlaLysGlnAspPheGlyLeuArgIleIleGluAlaGlnGluGluGluArgLysArgValSerArgGlu
GATGCTCAGGCAAAACAGGATTTCGGCTTAAGAATTATTGAGGCGCAGGAAGAAGAGCGAAAAAGAGTCTCAAGAGAA

IleHisAspGlyProAlaGlnMetLeuAlaAsnValMetMetArgSerGluLeuIleGluArgIlePheArgAspArg
ATCCATGACGGACCCGCTCAAATGCTGGCGAATGTTATGATGAGATCGGAATTAATCGAGCGGATTTTCCGTGACCGG

800 . .

GlyAlaGluAspGlyPheGlnGluIleLysAsnLeuArgGlnAsnValArgAsnAlaLeuTyrGluValArgArgIle
GGCGCAGAGGACGGATTCCAAGAAATTAAAAATCTCCGCCAAAATGTTCGGAATGCCCTTTACGAAGTGAGAAGGATT

900
IleTyrAspLeuArgProMetAlaLeuAspAspLeuGlyLeulleProThrLeuArgLysTyrLeuTyrThrThrGlu
ATATATGATTTAAGACCGATGGCCCTTGATGACCTAGGCCTGATTCCAACTTTAAGAAAATATCTATATACAACCGAG

1000
GluTyrAsnGlyLysValLysIleHisPheGlnCys IleGlyGluThrGluAspGlnArgLeuAlaProGlnPheGlu
GAATATAACGGGAAGGTCAAAATACATTTTCAGTGCATTGGAGAAACAGAGGATCAGAGGCTAGCGCCTCAGTTTGAG

ValAlaLeuPheArgLeuAlaGlnGluAlaValSerAsnAlaLeuLysHisSerGluSerGluGluIleThrValLys
GTTGCGCTCTTCAGGCTCGCACAGGAAGCTGTGTCTAATGCGCTAAAGCATTCTGAATCTGAAGAAATTACAGTCAAA

1100
ValGluIleThrLysAspPheValIleLeuMetIleLysAspAsnGlyLysGlyPheAspLeuLysGluAlaLysGlu
GTTGAGATCACAAAGGATTTTGTGATTTTAATGATAAAAGATAACGGTAAAGGGTTCGACCTGAAGGAAGCGAAAGAG

1200 .

LysLysAsnLysSerPheGlyLeuLeuGlyMetLysGluArgValAspLeuLeuGluGlyThrMetThrIleAspSer
AAGAAAAACAAATCATTCGGCTTGCTGGGCATGAAAGAAAGAGTAGATTTATTGGAAGGAACGATGACAATAGATTCG

1300

Lys IleGlyLeuGlyThrPheIleMetIleLysValProLeuSerLeu***
AAAATAGGTCTTGGGACATTTATTATGATTAAGGTTCCGTTATCTCTTTGACTAT

maintained at a high copy number in B. subtilis(pHV1431d)
to produce pBU3. The yield of plasmid pBU3 (50 to 100 ,ug
per liter of culture) compared favorably with that ofpBU2 (3
,ug/liter). Plasmid pBU14 was a deleted derivative of pBU3
containing a 3.9-kb Sall fragment spanning the sacU locus.
This Sall fragment contains a 3.6-kb SalI-BamHI segment of
B. subtilis chromosomal DNA, the restriction map of which
was indistinguishable from that of the corresponding seg-
ment of phage X54 (see above). Plasmid pBU16 was derived
from pBU14 by eliminating a 1-kb SphI fragment (Fig. 2).
This plasmid also restored levansucrase synthesis in the
sacU mutant QB254. Moreover, both pBU14 and pBU16 led
to hyperproduction of levansucrase in the Rec- strain 1A510
(Table 2). These data show that the sacU locus, or at least a
functional part of it, is located within the 2.6-kb SalI-SphI
fragment shown in Fig. 2.

TABLE 2. Secreted levansucrase activities of strain 1A510
harboring recombinant plasmidsa

Sp act of levansucrase (U/mg x 103)
Plasmid

Without sucrose With sucrose

pHV1431d (vector control) <10 17
pBU14 <10 330
pBU16 <10 670

a B. subtilis lA510 harboring the indicated plasmid was grown in MMCH
medium supplemented with chloramphenicol and either 1% (wt/vol) glycerol
or 2% (wt/vol) sucrose. The culture supernatants of exponentially growing
cells were dialyzed overnight against 0.05 M potassium phosphate buffer (pH
6.0), and levansucrase activities were measured. Specific activities were
calculated as levansucrase units per milligram of total culture protein.

J. BACTERIOL.
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GATTTGTAAAATAGAGCCAAAAGGCATATTGACCGAATGCTAGAGTATATAGAACAATAATACAAGGAGGCGTGGCTT
1400 . .

MetThrLysValAsnIleValIleIleAspAspHisGlnLeuPheArgGluGlyValLysArgIleLeuAspPheGlu
GTGACTAAAGTAAACATTGTTATTATCGACGACCATCAGTTATTTCGTGAAGGTGTTAAACGGATATTGGATTTTGAA

1500
ProThrPheGluValValAlaGluGlyAspAspGlyAspGluAlaAlaArgIleValGluHisTyrHisProAspVal
CCTACCTTTGAAGTGGTAGCCGAAGGTGATGACGGGGACGAAGCGGCTCGTATTGTTGAGCACTATCATCCTGATGTT

1600
ValIleMetAspIleAsnMetProAsnValAsnGlyValGluAlaThrLysGlnLeuValGluLeuTyrProGluSer
GTGATCATGGATATCAATATGCCAAACGTAAATGGTGTGGAAGCTACAAAACAGCTTGTAGAGCTGTATCCTGAATCT

LysValIleIleLeuSerIleHisAspAspGluAsnTyrValThrHisAlaLeuLysThrGlyAlaArgGlyTyrLeu
AAAGTAATTATTCTATCAATTCACGATGACGAAAATTATGTAACACATGCCCTGAAAACAGGTGCAAGAGGTTATCTG

1700 . . . .
LeuLysGluMetAspAlaAspThrLeuIleGluAlaValLysValValAlaGluGlyGlySerTyrLeuHisProLys
CTGAAAGAGATGGATGCTGATACATTAATTGAAGCGGTTAAAGTAGTGGCTGAGGGCGGATCTTACCTCCATCCGAAG

1800 .
ValThrHisAsnLeuValAsnGluPheArgArgLeuAlaThrSerGlyValSerAlaHisProGlnHisGluValTyr
GTTACTCACAACCTCGTTAACGAATTCCGCCGCCTTGCAACAAGCGGAGTTTCTGCACACCCTCAACATGAGGTTTAC

1900
ProGluIleArgArgProLeuHisIleLeuThrArgArgGluCysGluValLeuGlnMetLeuAlaAspGlyLysSer
CCTGAAATCCGCAGACCATTACATATTTTAACTAGGCGGGAATGTGAAGTGCTGCAGATGCTTGCAGACGGAAAAAGC

2000
AsnArgGlyIleGlyGluSerLeuPheIleSerGluLysThrValLysAsnHisValSerAsnIleLeuGlnLysMet
AACCGCGGTATTGGTGAATCATTGTTTATCAGTGAGAAAACCGTTAAAAACCATGTCAGCAATATTTTACAAAAAATG

AsnValAsnAspArgThrGlnAlaValValValAlaIleLysAsnGlyTrpValGluMetArg***
AATGTAAACGACCGGACGCAAGCCGTTGTGGTCGCCATTAAAAATGGCTGGGTAGAAATGAGATAGTATAATAGGAGA

2100 . . .
CTTGCCTTTTACTAGGCAGGTCTTTTTTTAGGCTGCCGTTTCCCTTACAATAGAGTTATAAAGCAATAAGGCAGGTAT
> »»>> «<<< <<<

2200
CGAAGCTATGAATATTGCAGTCGTAACAGACAGCACGGCATATATTCCGAAAGAAATGCGTGAACAACATCAGATACA

2300
TATGATCCCTCTCCAGGTTGTTTTTAGGGAGGAGACTTACCGTGAAGAAATTGAGTTGGACTGGAAAAGCTTTTATGA

AGAAGTGAAAAAACATAATGAGCTCCCGACGACTTCTCAGCCGCCAATCGGCGAGCTGGTTGCGTTGTATGAAGAGCT
2400 . . . .

TGGCAAGTCTTATGATGCGGTTATCAGTATCCATCTTTCCAGCGGGATCAGCGGAACATTCAGCAGTGCAGCAGCGGC
2500 . .

TGATTCGATGGTCGAC

FIG. 3. DNA sequence and inferred amino acid sequence of ORF1 and ORF2 of the sacU locus. The ribosomal binding sites are
underlined and a potential transcriptional termination signal is indicated by arrowheads.

Genetic fine structure analysis of the sacU locus. To locate
sacU within the fragment inserted in pBU16, deleted plas-
mids were constructed. Plasmid pBU101 was derived from
pBU14 by eliminating a 2.4-kb EcoRI fragment. Plasmid
pBU100 was constructed by introducing this EcoRI fragment
into the single EcoRI site of plasmid vector pHV1432. Since
both plasmids were unable to transform the sacU strain
QB254 to sacU+ (Lvs+) (Fig. 2), we concluded that essential
DNA sequences spanned the EcoRI site of pBU16. This
was confirmed by introducing DNA cassettes into the EcoRI
and BstBI sites of pBU16, leading to pBU102 and pBU103,
respectively. Since pBU14 and pBU16 could not be main-
tained in E. coli, these cassette-containing plasmids were
obtained by direct cloning in B. subtilis. A 4.5-kb DNA
sequence containing lacZ and erm was inserted at the unique
EcoRI site of pBU16 to create pBU102. This plasmid was
introduced into competent cells of B. subtilis 168 by select-
ing for Emr Cmr transformants. Spontaneous Emr Cms
integrants arose by homologous recombination (a double-
crossover event led to the integration of lacZ erm into the
chromosome) and loss of the plasmid. Strain QB4210 carry-

ing this lacZ erm insertion in the chromosome had a Lvs-
phenotype. Plasmid pBU103 was constructed in a similar
fashion by inserting a 1.5-kb ClaI fragment containing the
kanamycin resistance marker aphA3 from Streptococcus
faecalis (49) at the unique BstBI site of pBU16. As above,
after introduction of pBU103 into B. subtilis 168, Kmr Cm'
integrants arose by insertion of the Kmr marker into the
chromosomal sacU locus. The inserted marker in this strain
(QB4222) again led to an Lvs- phenotype. The inserted
fragments in QB4210 and QB4222 interrupt open reading
frames (ORFs) ORF1 and ORF2, respectively (see below).

Nucleotide sequence of the sacU locus. The 2.5-kb SphI-SalI
fragment of pBU16 was sequenced on both strands by the
dideoxy-chain termination method (Materials and Methods).
The sequence was examined for ORFs by systematic trans-
lation of the codons in the six possible frames. On one
strand, stop codons were found regularly in the three possi-
ble frames. In the other orientation, we found two succes-
sive ORFs, called ORF1 (385 codons) and ORF2 (229
codons) (Fig. 3). These were preceded by strong ribosome-
binding sites at optimal distances from the initiation codons,
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MW(Kd) 1 2

688.
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FIG. 4. Identification of the SacU polypeptides. Closed covalent
circular. plasmid DNA (1 ,ug) was used in the in vitro assay.
Translational products labeled with [355]methionine were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
detected by autoradiography. Lanes: 1, vector pHV1431d; 2, recom-
binant plasmid pBU16 containing both ORF1 and ORF2. Migration
of standards is indicated in the left margin. Arrowheads in the right
margin indicate bands of approximately 45,000 and 30,000 daltons.
The 53,000-dalton band, although more intense in lane 2, was also
present in lane 1.

respectively, GGAGGGA (AG, -78 kJ/mol) and AAG
GAGG (AG, -74 kJ/mol). No transcription termination
signal or obvious promoter sequence was found between
ORF1 and ORF2. ORF2 was followed by a 10-base-pair
palindromic structure (AG, -88 kJ/mol) containing one G-T
base pair mismatch and then a T-rich stretch, which may
correspond to a transcription terminator (Fig. 3).
The deduced molecular masses of the ORF1 and ORF2

encoded polypeptides are 44,906 and 25,833 daltons, respec-
tively. Both polypeptides have equivalent amounts of basic
and acidic residues. Percentages of hydrophobic residues
(leucine, isoleucine, methionine, and valine) in the ORF1
polypeptide (29 mol%) and the ORF2 polypeptide (31 mol%)
were higher than the value for an average protein (20.2
mol%) (8). In spite of this higher content of hydrophobic
amino acids, the hydropathic profiles did not reveal any
significant transmembrane segments.

In vitro expression of the sacU-encoded polypeptides. The
pBU16 plasmid, containing the sacU locus, was incubated in
vitro with a coupled E. coli transcription-translation system
(Materials and Methods). The labeled polypeptides were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Fig. 4). Comparison of the polypeptides
synthesized by the recombinant plasmid with those encoded
by the vector plasmid pHV1431d revealed several additional
bands, two of which had apparent molecular masses in
agreement with those deduced for the ORFl- and ORF2-
encoded proteins (respectively, 45,000 and 30,000 daltons).
A small discrepancy was noticed in the case of the ORF2
polypeptide between the experimental value and the one
deduced from the DNA sequence. Such differences have
previously been observed for other proteins, such as sigma
factors.
Comparison of the SacU amino acid sequence with that of

known regulatory proteins. A computer search for similar-
ities with other proteins revealed that the ORFi-encoded
polypeptide shares homology with members of a class of
sensor proteins i.e., Salmonella typhimurium CheA, E. coli
CpxA (Fig. 5), Agrobacterium tumefaciens VirA, E. coli
PhoR, and Klebsiella pneumoniae NtrB (9, 34, 39). In the
C-terminal portions of these proteins five boxes ofconserved
amino acids, which we numbered 1 to 5 (ordered from N to
C terminus), have previously been described (46). Similar-
ities were particularly striking in a large region spanning
boxes 4 and 5 (Fig. 5). However, the amino acid sequence of
the ORF1 polypeptide ofsacU corresponding to box 4 shows
only weak homology with the consensus sequence described
for gram-negative organisms (46). The B. subtilis ORF1
protein and a known sensor protein from E. coli, CpxA,
show similar degrees of homology with the S. typhimurium
CheA sensor protein: 14 identical amino acids and 8 con-
servative substitutions for SacU versus 13 identical amino
acids and 4 conservative substitutions for CpxA (B. subtilis
ORFI positions 339 through 385, E. coli CpxA at positions
410 through 458, S. typhimurium CheA at positions 481
through 526) (Fig. 5).
The ORF2-encoded protein shares homology with two

classes of regulatory proteins. The E. coli proteins OmpR
and Dye (10) and the B. subtilis proteins SpoOA and SpoOF

Bs SacU ORF1 L K H S E E E T K V ETI K fFI7 M I K D N K G FEL
St CheA L A K A M Q G A N E N| D EVG |M L I F A P F S T A E
Ec CpxA E Q I F R P F Y R TEE

Box4

Bs SacU ORF1
St CheA
Ec CpxA

30 6-338
44 8-480
398-409

K E AKK K N S F G L L G TE R VlD L EGI T MT D KK|I iL G339-374
Q V T D V S G GVK R N I Q EG G H V E jS K]Q S G 481-515
A R DES G G T G L G L A IV T A I Q Q H R G W V K AED S P L G G 410-445

Box5

BS SacU ORF1 F I M I K V P L S L 375-385
St CheA UT IIE0I L L P L T L 516-526
Ec Cc:xA L R L V I W R S 446-458

FIG. 5. Alignment of the C-terminal portion of the ORF1, encoded protein of the sacU locus with that of a family of sensor proteins. Each
polypeptide was individually compared with the sacU ORF1 polypeptide, and homologous regions are indicated by boxes. Accepted
conservative substitutions: I, L, V, and M, K and R; S and T; D and E; F and Y; N and Q; G and A. Numbers indicate the positions of the
residues in the respective protein.
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ORF2 V N G V E A T K Q LV E L Y PEs K V I I L S I H D lN Y
NG LL LARE LR Q A N V A L MEL T D N WV D

ORF2 LG L E A TRK IA R S T A5V KI I M L T V JT E N P L
EDG LLI CRIR LR S Q S N P M P II M V TIA K G E fJV D
fDG I ILR IMKI D E N I R V I I M T|A Y G EL|DM I
SD| L|AVLER R S D L K K Q P N V I M L TA F G QJ JV T

ORF2

ORF2

VT H RLK T G AR G Y L L K E MOAA[TELIEAVKVVl
K I LLLE IG A|D D Y ITK P F N P RERL[LI RAJRILI
P A KJMIQ A|G A GY L|S|K| A A P QEE VS IRISIV
R I V L|E IG AD D Y IIPIK|P F N P R E|L LAJ I R AV
Q E S K E L|G A|L T HFA K|P F I E I V K|K-Y
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1-32
1-31
1-23
1-32
1 -31
1-30

33-61
32-59
24-52
33-60
32-59
31-61

62-91
60-88
53-82
61-90
60-89
62-94

92-120
89-117
83-111
91-1 1 9
90-117
95-122

FIG. 6. Alignment of the N-terminal portion of the ORF2-encoded protein of the sacU locus with that of a family of regulatory proteins.
Comparisons were made as indicated in the legend to Fig. 5.

(12, 27, 39, 48) share extensive homology with the ORF2
protein of'the sacU locus at the N-terminal domain (Fig. 6).
The E. coli proteins MalT (6) and the putative positive
regulator encoded by ORF1 of the uvrC locus (42) share
homology with the ORF2 protein at the C-terminal domain
(Fig. 7). ORF2 of the uvrC locus (42) is a special case, since
it shares extensive homology with the ORF2 polypeptide of
the sacU locus at both the N- and C-terminal portions (Fig.
6 and 7).

DISCUSSION

Two Tn917 insertions located on opposite sides of the
sacU region were used to clone the sacU locus by chromo-
some walking with the bacteriophage lambda replacement
vector EMBL3 and by direct establishment of recombinant
plasmids in B. subtilis. In our earlier attempts to clone sacU
we had tried unsuccessfully to find the locus in a number of
E. coli plasmid banks. Our present finding that plasmids
pBU14 and pBU16 cannot be established in E. coli suggests
that a DNA sequence or gene product from the sacU region
may be toxic to this organism.
The DNA sequence of the sacU locus reveals the presence

of two ORFs referred to as ORFi and ORF2. No palindrom-

Bs SacU ORF2 LT R R E C Q D G'
Ec UvrC ORF1 F s K R E K E I L R A E G
Ec UvrC ORF2 S R E LQI M L MITKIG
Ec MalT LT R E W Q V L G LIY S G

ic structure corresponding to a potential transcription-termi-
nation signal was found between ORFi and ORF2. This
suggests that ORFi and ORF2 may form, or be part of, an
operon. The ORF2 product appears to be required for
activation of synthesis of a class of degradative enzymes in
B. subtilis, since insertional inactivation of ORF2 led to a
levansucrase-deficient (sacU) phenotype. The role of ORFI
has not been clearly established. Plasmid pBU100 containing
only ORF1 did not restore degradative enzyme synthesis in
a sacU42 mutant, but this can be explained if this mutation
lies within ORF2 or lies within ORFi and is dormant.
However, insertional activation of ORF1 also led to a
levansucrase-deficient (sacU) phenotype. This suggests that
the ORFi product is required in addition to the ORF2
product. Alternatively, insertion of foreign DNA in ORFi
could lead to a polar effect on ORF2 expression. These two
hypotheses are not mutually exclusive.
A computer search revealed similarities between the sacU

ORFl-encoded polypeptide and sensory transducers, espe-
cially CheA of S. typhimurium (Fig. 5) at the conserved
C-terminal portion (34, 46). 'Likewise, the sacU ORF2-
encoded polypeptide showed extensive homology with
members of a family of transcriptional activators: OmpR,

K [S.GRG ES LF I S E K T 166-196
KT E I A M I L S I S E T 181-211
K Rt N E I E EJQ L N L SJP K T 143-173
YSN E Q I A G E L E VIA A TIT 836-866

Bs SacU ORF2 3N aSF Ll,, N,N DRTQ EV A IKN G W E[ER 197-229
Ec UvrC ORF1 VN F KNM Q KKIN P N V A C T G L 212-241
Ec UvrC ORF2 V N S Y R Y M F S K L N IH G D V E L T H A IRH G L C N A E 174-206

Ec MalT TJ R CY A H Q'D QH L L K M[G 867-898

FIG. 7. Alignment of the C-terminal portion of the ORF2 encoded protein of the sacU locus with that of a family of homologous regulatory
proteins. Comparisons were made as indicated in the legend to Fig. 5.

Bs SacU
Ec Dye
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Bs SpoOF
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Dye, SpoOA, SpoOF (Fig. 6), NtrC, PhoB, VirG, and CheY
(39). Many of these proteins function in pairs to regulate
gene expression at the level of transcription in response to
environmental changes such as nutrient limitation (NtrB-
NtrC, PhoR-PhoB) or altered osmolarity (EnvZ-OmpR) (29).
The ORF1 and ORF2 products of sacU may therefore
comprise a dual-component system in which the former is a
candidate for sensing specific changes in the environment
and transducing this information via the latter to the tran-
scriptional apparatus. The conserved N-terminal region of
the ORF2-encoded regulator may interact either with the
sensor protein or with the transcriptional' apparatus, confer-
ring an antitermination or transcriptional activation function.
Alternatively, this putative function may be located in the
conserved C-terminal domain, since ORF2 shows homology
with positive regulators such as MalT or E. coli. Similar
results concerning homologies between the products of the
sacU locus and a series of sensors and regulators have been
obtained by Henner et al. (18).

Different types of interactions between sensor and regu-
lator proteins have been proposed: direct protein-protein
contact in the case of the EnvZ-OmpR couple (29) or
phosphorylation of the regulator in the case'of the CheA-
CheY and NtrB-NtrC couples (33, 50). It has been shown
that the CheA sensor protein undergoes autophosphoryla-
tion in the presence of ATP to produce phospho-CheA (19,
35, 50). The phosphorylated sensor protein then donates its
phosphoryl group to the CheY regulator in a way which may
be comparable to the phosphotransferase reactions of the
phosphoenolpyruvate-sugar phosphotransferase system (50).

Concerning the organization of the sacU locus, the genes
encoding ORF1 and ORF2 may be part of the same operon,
as in some other two-component systems (ntrB ntrC) (34).
However, this may not be a general rule, since cheA and
cheY, for instance, map at different loci in S. typhimurium
(30).
The sacU system affects the production of enzymes that

degrade polymeric carbon and nitrogen sources (e.g., levan-
sucrase, a-amylase, P-glucanase[s], proteases). One may
speculate that the signal transmitted to the sensor protein
reflects carbon and/or nitrogen limitation. No obvious trans-
membrane segment could be detected in either of the two
sacU-encoded polypeptides. Thus, the sacU system may
respond to an intracellular signal of nutrient limitation. Two
sacU(Hy) mutations have been sequenced (18) and shown to
be missense mutations in the amino terminus of the pre-
sumed regulator protein (ORF2 product). It will be informa-
tive to study the interactions between the sacU products and
those of the sacQ and prtR genes, which encode small
regulatory polypeptides, which also affect the rates of syn-
thesis of the same class of degradative enzymes.
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ADDENDUM IN PROOF

The sacU ORF2 sequence was reported independently by
T. Tanaka and M. Kawata (J. Bacteriol. 170:3593-3600,
1988). sacU ORF1 and ORF2 will be renamed degS and
degU, respectively (see also reference 18).
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